This paper describes the development of a non-destructive method for analysis of pure-beta minus radioactive sources. An experimental set-up based on plastic scintillation detection system was built for this purpose. It was tested using standard 90 Sr/ 90 Y radioactive sources. The experimental results were compared to theoretical calculations based on Fermi's beta decay theory as well as with Monte-Carlo simulations using a predefined GEANT4 code named rdecay01. All the obtained results showed to be in good agreement.
Introduction
In the last three years, the experts from the Nuclear Forensics Laboratory of IFIN-HH (NFL-RO) were focusing on developing and improving techniques for the analysis of nuclear and other radioactive materials as in the context of criminal investigation, when such materials are found out of regulatory control, the investigative authority requires its categorization and sometimes detailed characterization. With these efforts, many techniques became well established at the NFL-RO, e.g. gamma-ray spectrometry, X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS). However, in a recent criminal case which involved a pure-beta radioactive source found out of regulatory control, deficiencies have been noticed. There was no non-destructive analytical method available for such analysis. As a consequence, it was necessary to build a new system that can easily and quickly analyze pure beta emitters by using the existing capabilities in our institute.
A diligent look to the current state of the illicit trafficking problem suggests the fact that the most commonly interdicted pure-beta minus sources encountered outside the regulatory control are used for a wide variety of purposes in industry and medicine ( 90 Sr/ 90 Y, 63 Ni, 32 P, 106 Ru) [1] . Due to different reasons (ex. inadequate dismantling of the facilities or equipment that was operating with such sources) the radioactive material might be targeted by smugglers or other perpetrators.
The main challenge in analyzing pure-beta emitters consists in the fact that beta particles are not emitted with discrete energies but instead produce a continues spectra [2, 3] . Until now, the analysis of pure-beta emitters was generally based on destructive methods required for beta spectrometry and liquid scintillation [4, 5] .
This paper presents a new non-destructive method developed in our laboratory, which was succesfully applied for the investigation of pure-beta emitters. It assesses the shape of beta spectrum and the maximum electron energy. Experimental results obtained for 90 Sr/ 90 Y radioactive sources were compared with the theoretical calculation using Fermi theory and GEANT4 software simulation.
Theory
In the case of beta decay of a radionuclide, the shape of the continuous electron energy spectrum depends upon the nature of the transition between the mother and daughter nuclei, the structure of the nuclei involved and certain atomic effects [6] . From this standpoint, we can assert that the energy distribution of beta particles in the spectrum has a specific shape, characteristic to each beta emitter. Over the years, a large number of prior studies in the broader literature have examined the shapes of beta spectra based on Fermi theory of beta decay. A comprehensive description of the theoretical calculations of this type of spectra can be found in [7] [8] [9] [10] .
Prior to the experiment, we calculated the theoretical shape of the energy spectrum for 90 S/ 90 Y transition taking into consideration the decay scheme (1st order forbidden unique transition) illustrated in Fig. 1 , as well as the parameters and the correction factors required by the Fermi formula [11] [12] [13] .
The Fermi theory of beta decay is also implemented in a predefined GEANT4 [15] code, named rdecay01. We used this code to simulate and obtain the electron energy spectra of the 90 Sr and 90 Y radionuclides and to compare them with theoretical and measured spectra.
Experimental
In the course of the actual experiment the key step was building the beta-ray detection system based on existing capabilities. For the new assembled beta spectrometer, we used basic signal processing electronics, a photomultiplier tube from a NaI detector and a plastic scintillator from an old muon counter. To ensure an efficient passage of the electrons, an optical connection between the plastic scintillator and the photomultiplier tube was obtain by using a light-couple paste. Taking into account the high sensitivity to light of the photomultiplier and to avoid external influence on the measurements, the detection assembly was held in a light-tight dark box. A schematic representation of the experimental set-up is illustrated in Fig. 2 .
Two 90 Sr/ 90 Y standard radioactive sources were measured in order to test the new beta spectrometer. For our preliminary experiments it was not necessary to know the dimensions of the studied sources or any other additional information, as for the purpose of this paper it was sufficient to have radioactive sources that are certified as 90 Sr/ 90 Y.
The electron energy spectra were acquired at the SDD of 0, 5, 10, and 15 cm under the same conditions (measuring time, amplifier gain, high voltage on photomultiplier).
Results and discussion

Theoretical spectra
The beta-decay spectra of 90 Sr and 90 Y radionuclides obtained by using Fermi theory calculations are illustrated in the following picture along with the simulations made in GEANT4 software. For a better comparison with the measured spectra, after calculating the individual spectrum for each nuclide we plotted them on the same graph by normalizing each spectrum for area equal to 1 (Fig. 3) . This is fully justified as the two nuclei are in radioactive equilibrium, thus one decay of 90 Sr corresponds to one decay of 90 Y.
This kind of source is characterized by the maximum electron energy, the so-called end-point energy, corresponding to a specific shape of the electron energy spectrum. In the current work, for 90 Sr radionuclide the endpoint energy is 546 keV and for 90 Y is 2280 keV (the first part of the graph is a contribution from the 90 Sr nuclide and the second one is the contribution coming from the 90 Y nuclide). Figure 4 illustrates the beta-ray spectra measured for the two standard 90 Sr/ 90 Y radioactive sources using the new experimental set-up with plastic scintillator detector.
Measured spectra
The evaluation of the graph presented in Fig. 4 allows analysis of the studied radioactive sources based on the specific shape and end-point energies. The theoretical spectra of 90 Sr and 90 Y radionuclides illustrated in Fig. 3 and the experimental spectra of 90 Sr/ 90 Y standard sources from Fig. 4 are in agreement.
One of the standard sources was also measured at different distances from the detector at 5, 10, and 15 cm ( Fig. 5 ) and we noticed that even at bigger distances from the detector the shape of electron energy spectrum has the same characteristics (Fig. 6 ). The optimal SDD depends on the activity of the measured sample, however a distance as close as possible to the detector is recommended. 
Conclusions
In this work a new detection system useful for the nondestructive analysis of pure-beta emitters was studied at NFL-RO. The main approach of the developed method consisted in measuring the electron energy spectrum of the radioactive sources and analyzing them based on the specific shape of the spectra and the maximum electron energies. In particular, in this paper the detector response was tested by measuring standard 90 Sr/ 90 Y radioactive sources.
The results obtained suggested that the electron energy spectra of the pure-beta emitters calculated using Fermi theory as well as the spectra simulated in GEANT4 software are in agreement with the measured spectra. We concluded that the method can reliably be used for the analysis of purebeta emitters.
Future experiments are still required to validate the conclusions that can be drawn from this paper. Importantly, our results provide a basis for future work that will focus not only on measuring more pure-beta emitters, but also on improving the detection systems by, inter alia making it portable for in situ measurements.
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